Computational results are presented for the unsteady flow in a powered Hartmann resonance tube. The results were obtained using the WIND code for the two dimensional viscous flow in a five-block solution domain that includes the CD nozzle supplying the jet to the closed end tube within the ambient surrounding. The computed results are presented for the unsteady flow mechanisms involved in the resonance tube operation. These include the filling and emptying of the tube, which causes the lateral deflection of the jet and the changing shock structure in the under-expanded jet. The time history and Fourier transform of the flow pressure oscillations are also presented. The fundamental resonance frequency is compared to that computed from an approximate analytical formula.
Introduction
Recent interest in characterizing the performance of Hartmann resonance tubes 1 is motivated by their potential application as high frequency actuators 2, 3, 4, 5 for suppressing high speed jet noise and supersonic flow oscillations in open cavities. Experimental results in constant area and tapered tubes indicate that the pressure oscillation modes are dependant on the stagnation conditions, speed of sound, and tube length 6 . Kastner and Samimy 7 recently used a planar flow visualization __________ *Professor, AIAA Fellow **Graduate Student, Student Member AIAA technique with a very short exposure time to obtain instantaneous and phase-averaged flow images for the exiting jet from a Hartmann tube. They studied the effect of tube depth, jet Mach number and separation distance on the power spectra of both far acoustic field and near pressure field.
Brocher et al. 6 explained the oscillation mechanism in the resonance tubes in terms of the compression and evacuation phases. In the compression phase, the jet penetrates into the tube and compresses the air. In the evacuation phase, the compressed gas in the tube expands to the atmosphere and the jet is deviated laterally. These phases are repeated in a high frequency oscillating hydrodynamic perturbation. They carried out experiments for jet Mach numbers ranging between 0.1 and 2.0, using a thin cylindrical body along the axis of the jet to produce a wake, and measured the pressure fluctuations at various locations in the resonance tube. The measured frequencies agreed with those computed from a formula based on linear acoustic theory for Mj<1 and were slightly lower for Mj>1. Experimental results 6 suggest that the highest amplitude oscillations are obtained when the gap between the supply jet and the resonance tube was equal to the diameter of the resonance tube for subsonic flows and twice the diameter for supersonic flows.
In this work numerical solutions were obtained for the unsteady flow field in a forced Hartmann tube using the WIND code 8 . To the best of our knowledge this is one of the first reported unsteady flow simulations using WIND. Only an inviscid one-dimensional flow example 9 in a shock tube was used to evaluate the overshoot in the computed final pressure distribution, and assess its agreement with theoretical results. In the investigated resonance tube configuration, the jet from a CD nozzle is directed towards the mouth of a constant area duct, which is closed at the opposite end. A wake producing needle at the nozzle center enables the supersonic flow penetration of the duct during the compression phase. Results are presented for the unsteady flow inside the tube and across the gap between the nozzle exit and the tube mouth. The pressure fluctuations frequency is compared with linear acoustic theory predictions.
Methodology
The solution domain shown in Figure 1 extends from the CD nozzle throat through that is 0.82D times the exit width D, across the 1.55 D gap to the closed end of the L/D=1.8 tube in the axial direction, and 5.5 D outside the tube in the lateral direction. Baldwin-Lomax turbulence model was used in all five blocks of the two-dimensional solution domain. Approximately 30,000 points were used in the lower half of the symmetric domain as shown in Figure 2 . The grid points were clustered near the walls and in the wake of the 0.0447D central needle. The value of y + for the first grid point next to the wall was 9.36 inside the nozzle near the exit.
The unsteady compressible viscous flow solution was obtained for the compressible NavierStokes equations in conservation law form using the WIND based on the methodology highlighted in Table 1 . Van-Leer second order scheme and Jacobi implicit operator with 30 sub-iterations in each time step with level of convergence = 0.0001 and fourstage Runge-Kutta time stepping scheme were used. In all five blocks a TVD factor of 1.0 was used to obtain the time-accurate flow solution.
The applied boundary conditions in the WIND code are summarized in table 2. They consist of arbitrary inflow boundary conditions at the nozzle inlet with a stagnation temperature of 784.72 o R and stagnation pressure of 50.415 psia, corresponding to a nozzle pressure ratio of 3.37. Viscous no slip boundary conditions were applied at the nozzle, needle and tube surfaces, and symmetric boundary conditions were applied at the plane of symmetry in the tube and gap. At the free-stream boundaries, where the Mach number = 0.03, static pressure = 14.96 psia, and static temperature = 519 o R, extrapolation was applied. The simulations were performed over 400,000 time steps of 4.2345×10 -8 seconds. It took 225,000 time steps to purge the transient flow and establish the tube resonance. Five cycles were predicted over the remaining 175,000 time steps.
Results and Discussion
A time sequence of the Mach number contours in the gap between the nozzle and tube are presented in Figure 3 . The flow velocity vectors, which are superimposed on the Mach carpet plots, demonstrate the changing lateral jet deflection in the gap between the nozzle exit and tube entrance and the associated pulsing mass injection. The peak jet lateral deflection coincides with the flow purging from the resonance tube near the center. A shock train is formed in the jet that is more obvious at the higher jet deflections. The vorticity contours and flow velocity vectors inside the tube are shown in Figure 4 at the corresponding times. The vectors show the jet penetration into the tube during the compression phase and the tube evacuation during the expansion phase, which causes the jet deflection. The compression and evacuation phases repeated themselves over the course of the unsteady flow simulations. Figure 5 presents the history of the pressure oscillations at five points across the gap between the nozzle and tube, shown schematically in Figure 6 , and at the closed end of the tube. According to these results the relative duration of the compression and expansion phases within the cycle changes with location. Near the nozzle exit the expansion phase takes much longer than the compression phase. At the closed end wall of the tube, the compression wave lasts slightly longer than the expansion wave. This indicates that the average compression wave speed is lower than the average expansion wave speed inside the tube. On the other hand the compression wave speed is much higher than that of the expansion wave near the nozzle exit. The results demonstrate that the WIND code can resolve the frequencies and amplitudes involved in the unsteady resonance tube flows. We plan to continue the simulations for Hartmann tubes with axi-symmetric CD as well as convergent nozzles, and for asymmetric configurations with one side shield that direct the pulsating flow to exit from one side for higher pulsating jet velocities. 
